In biological membranes, various protein secretion devices function as nanomachines, and measuring the internal movements of their component parts is a major technological challenge. The translocation and assembly module (TAM) is a nanomachine required for virulence of bacterial pathogens. We have reconstituted a membrane containing the TAM onto a gold surface for characterization by quartz crystal microbalance with dissipation (QCM-D) and magnetic contrast neutron reflectrometry (MCNR). The MCNR studies provided structural resolution down to 1 Å, enabling accurate measurement of protein domains projecting from the membrane layer. Here we show that dynamic movements within the TamA component of the TAM are initiated in the presence of a substrate protein, Ag43, and that these movements recapitulate an initial stage in membrane protein assembly. The reconstituted system provides a powerful new means to study molecular movements in biological membranes, and the technology is widely applicable to studying the dynamics of diverse cellular nanomachines.
T he vast majority of proteins in the outer membrane of pathogenic bacteria have a b-barrel architecture, and how such proteins are assembled remains an important question in biology. The assembly pathway for these outer membrane proteins is highly conserved in bacteria 1 ; this essential cellular pathway depends on a set of factors that select and assist protein substrates en route to the outer membrane [1] [2] [3] [4] [5] [6] . A network of periplasmic chaperones and proteases serve quality-control functions in the pathway (for example, Skp and DegP) [7] [8] [9] [10] [11] [12] [13] and molecular chaperones such as SurA also assist the loading of the nascent membrane protein substrates onto the face of the outer membrane [14] [15] [16] [17] . The essential protein BamA can be purified from outer membranes of Escherichia coli (E. coli) as a heterooligomeric BAM (b-barrel assembly machinery) complex, associated tightly with the lipoproteins: BamB, BamC, BamD and BamE 14, [18] [19] [20] . The BAM complex and a further module of the BAM, the translocation and assembly module (TAM), catalyse the insertion and assembly of nascent membrane proteins into the plane of the outer membrane [1] [2] [3] [4] [5] .
The TAM is a nanomachine composed of two proteins: the outer membrane protein TamA and the TamB subunit, anchored to the inner membrane 21 . TamA is a member of the Omp85/ FhaC superfamily of proteins 22 , with a characteristic b-barrel domain in the plane of the outer membrane, as well as three POTRA domains that sit within the periplasm 21, 23 . The crystal structure of TamA revealed a crucial incomplete matching in the first and last b-strand in the membrane-embedded domain, which was proposed to assist substrate protein assembly 23 . TamB has an amino-terminal signal-anchor sequence integrated in the inner membrane, with the vast bulk of TamB predicted to be b-helical in structure, and contained within the periplasm 21, [24] [25] [26] . An interaction of the POTRA domain of TamA to TamB stabilizes the interaction between these two protein subunits, and the TAM can therefore be purified from detergent-solubilized membranes using immunoprecipitation or blue-native polyacrylamide gel electrophoresis (BN-PAGE) 21 .
The precise function of the TAM in the b-barrel assembly pathway has been difficult to dissect in complex cellular systems, a problem often encountered in the study of membrane-located nanomachines. Here we sought to develop a system to study the movement and activity of the TAM. To this end, TamA and TamB were purified and reconstituted into a membrane environment suitable for interrogation by magnetic contrast neutron reflectrometry (MCNR). MCNR systems employ an internal reference layer to enhance the resolution of the measurement [27] [28] [29] , and these systems excel at interrogating fully hydrated soft matter on atomically flat gold surfaces. We therefore reasoned that MCNR could be an exciting new means to measure movements in nanomachines within a membrane layer, provided a membrane of sufficient quality could be reconstituted.
The TAM was reconstituted into a membrane on a nickel-NTA (N a ,N a -bis-(carboxymethyl)-L-lysine) functionalized gold surface, for characterization by quartz crystal microbalance with dissipation (QCM-D) and MCNR. The MCNR studies provided structural resolution down to 1 Å, enabling accurate measurement of protein domains projecting from the phospholipid bilayer of the membrane. These measurements reconcile well with the dimensions in the recent crystal structure of TamA and with atomic force microscopy (AFM) and dynamic light scattering measurements of TamB. We show that movements of TamA within the TAM are initiated in the presence of a substrate protein, Ag43. These movements recapitulate an initial stage in membrane protein assembly, and Ag43 was observed to enter the membrane layer in MCNR experiments. This reconstituted system reports on the function of the TAM and provides a powerful new means to study molecular movements in biological membranes, with the technology applicable to studying the dynamics of diverse cellular nanomachines.
Results and discussion
Reconstitution of the TAM in a planar lipid environment. These studies required TamA to be attached to an engineered gold surface. Informed by the crystal structure of TamA 23 ( Supplementary Fig. 1a) , a metal-binding sequence comprising six histidine residues (His 6 ) was engineered into an extracellular loop of TamA (Fig. 1a and Supplementary Fig. 1b ). This His 6 modification of TamA does not affect the integrity of the TAM, as judged by the co-immunoprecipitation of TamA with TamB (Fig. 1b) , and by co-purification of TamA with TamB by BN-PAGE (Fig. 1c) . The modified loop is exposed on the extracellular surface, as anti-His 6 antibodies can be used to decorate intact E. coli cells expressing this form of TamA ( Fig. 1d and Supplementary Fig. 1c) .
Reconstitution of TamA within a synthetic membrane was achieved using a gold-coated, near atomically flat silicon wafer functionalized with NTA ( Supplementary Fig. 2 ), with nickel ions creating a nickel-NTA-functionalized gold surface. QCM-D was used for proof-of-principle measurements to assess the deposition of protein and lipid on the surface. In QCM-D, temporal changes in frequency (Df) and dissipation (DD) reflect the mass and viscoelasticity of the surfaces, respectively [30] [31] [32] . Measurements showed a frequency decrease corresponding to the mass uptake on the sensor surface caused by detergent-solubilized TamA (Fig. 2a, step 1) . After washing the nickel-NTA:TamA: detergent surface (Fig. 2a, step 2) , a supported membrane was formed by phospholipid adsorption, displacing the detergent (Fig. 2a, step 3) 33 . To extend these findings, we then reconstituted the TAM nanomachine by addition of TamB. A truncated form of TamB was engineered to lack key residues in the N-terminal signal-anchor sequence that retains it in the inner membrane (Fig. 2b) ; this TamB(DTM) was thereby expressed as a soluble protein in the periplasm of E. coli and purified in soluble form. A proportion of TamB(DTM) associates with TamA to form a TAM complex (Fig. 2c) , with the BN-PAGE analysis revealing an increase in faster-migrating forms of TamA that might represent monomers or homodimers not associated with TamB. TamB(DTM) purified from the periplasm by affinity chromatography and size-exclusion chromatography was thereafter used to reconstitute the TAM in QCM-D experiments.
Addition of purified TamB to the TamA membrane resulted in a decrease in frequency of B95 Hz (Fig. 2a, step 4) , reflecting the greater mass of the TAM (that is, TamA þ TamB) relative to the TamA subunit alone. To be certain that this docking of TamB to the membrane was a specific reconstitution of the TAM rather than a nonspecific affinity between TamB and the lipid component of the membrane, a new construct was designed wherein the three POTRA domains of TamA were deleted (Fig. 2b) . Expressed in E. coli, this TamA(DP123) truncated protein fails to bind TamB as judged by BN-PAGE (Fig. 2d) . In QCM-D experiments, the TamA(DP123) behaves as per the intact TamA protein: measurements showed a frequency decrease corresponding to the mass uptake for detergent-solubilized TamA(DP123) (Fig. 2e, step 1) and, after washing the surface (Fig. 2e, step 2) , a supported membrane was formed by phospholipid adsorption, displacing the detergent (Fig. 2e, step 3) . Importantly, no binding event was observed when TamB was added to the membrane containing TamA(DP123) (Fig. 2e, step 4) .
Defining the membrane with neutron reflectrometry. For MCNR analysis, single crystal silicon blocks polished on one face ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6078
were coated by electron beam deposition with an B44 Å layer of magnetic alloy followed by B170 Å of gold. This gold-coated surface was in turn functionalized with nickel-NTA using the procedure we developed (Supplementary Fig. 2 ). Before attaching the membrane layer, the NTA layer on the gold surface was characterized with two different magnetic contrasts and two water contrasts (D 2 O and H 2 O) ( Supplementary Fig. 3) , with the thickness of the NTA layer thereby determined to be 17±1 Å.
TamA was added onto the nickel-NTA-modified surface, followed by the addition of lipids for membrane reconstitution. MCNR measurements were indicative of TamA binding to the surface ( Supplementary Fig. 4 ) and showed a membrane layer was formed (Supplementary Fig. 5 ). Isotopic contrasting (that is, with D 2 O, H 2 O or a mixture thereof) enabled experiments in which a specific protein component, or the lipid of the membrane system, could be selectively visualized. Magnetic and isotopic contrasting yielded data analysed using an optical matrix method 27, 28 ; in this way the surface is considered to be made up of discrete layers extending uniformly in a lateral direction, with a constant thickness and scattering length density (SLD). Reflection and transmission occur at each interface where there is a change of SLD (Fig. 3a) , and the total signal consists of the summation of contributions from each interface.
For the purposes of data fitting, TamA was separated into three sublayers: a His 6 extramembrane layer, a membrane layer (containing the b-barrel domain of TamA) and an aqueous layer (which includes the POTRA domain of TamA) ( Fig. 3b and Supplementary Fig. 4) . The data showed a hydrated hexahistidine layer of 6±2 Å containing at least 90% water, and the thickness measured for the b-barrel domain of TamA is 55 ± 2 Å. TamA has an area per molecule of 4,641 Å 2 , with a volume fraction (V f ) of 34% ( Fig. 3b and Supplementary Fig. 4c ). The POTRA domains of TamA project 44±2 Å into the aqueous layer, relative to the internal face of the combined membrane layer (Fig. 3b) in agreement with observations from the crystal structure of TamA 23 (Fig. 3c) .
With the addition of lipids to reconstitute a membrane environment, reflectivity profiles shifted characteristically, demonstrating the assembly of a membrane layer on the surface (Supplementary Fig. 5a ). As a result, the SLD in the b-barrel domain decreased from 5.70 Â 10 À 6 to 5.03 Â 10 À 6 Å À 2 , while the SLD of the POTRA domains in the aqueous layer remained the same. SLD measurements reflect changes of atomic composition and density; the data gathered are consistent with the expectation that phospholipid fills the gap between the TamA molecules, corresponding to a coverage of 27 ± 4% of the experimental surface ( Fig. 3b and Supplementary Fig. 5c ).
Architecture of TamA and TamB within the TAM. MCNR was then used to determine the orientation of the TamB subunit in Supplementary Fig. 1 ), were subject to immunoprecipitation with the anti-TamA and Protein A-Sepharose, followed by detection with the indicated antibodies after SDS-PAGE. T, 10% of the total proteins; F, 10% of the flow-through fraction; W, 20% of the last three wash fraction; E, 100% of the eluted proteins. (c) Alternatively, to assess interaction of TamA and TamB subunits as the B440 kDa TAM, membrane extracts prepared from E. coli expressing either TamA or the loop-His 6 form of TamA, were analysed by BN-PAGE and immunoblotting. (d) E. coli expressing TamA (wild-type) without a His 6 sequence, TamA with the loop-His 6 epitope or the control N-terminal N-His 6 -epitope (as documented in Supplementary Fig. 1 ) were subject to immunofluorescence microscopy. A second sample of cells was permeabilized to provide access to the periplasm for immunostaining. Scale bar, 10 mm.
